Overlap was found between habitats of Helice tridens, primarily an occupant of the upper and lower part of the intertidal areas between MTL (mean tidal level) and MHWS (mean high water spring), and H. japonica, usually restricted to the lower part of the intertidal area of the Shigenobu River Estuary, in southwest Japan. While immature individuals and large-sized adults of H. tridens occurred over the intertidal areas, the young adults of H. tridens were found only in the upper part of the intertidal area. This difference in the pattern of distribution between the young adults and the immature individuals of H. tridens seemed to be derived from interspecific competition or intraguild predation between H. tridens and H. japonica and/or intraspecific interactions within each species. These two species have the same of detritivore and carnivore food habits, and conspecific predation within and/or intraguild reciprocal predation between them were frequently observed in the field. In the present study, we performed field caging experiments to examine the dependence of predation ability on size between the two species. When individuals were %7.0 mm carapace width (CW), H. japonica had a higher ability to prey on members of H. tridens of the same size than H. tridens had on those of H. japonica. When individuals were^8.0 mm CW, there was no difference between the two species in terms of predatory ability, and the predation rate itself decreased. Therefore, H. japonica can exclude H. tridens from the lower habitats. However, the large sized individuals of H. tridens may intrude into the lower part of the intertidal area from the upper part. They can be against H. japonica, and can prey on the small sized individuals of H. japonica. However, thick sediment set in the cages increased the survival rate of the small individuals of H. japonica, because burrows dug in the sediment could be refuges for those of H. japonica from the intraguild predation by the large sized individuals of H. tridens. These refuges for the small individuals of H. japonica can be refuges also for those of H. tridens. However, burrows cannot be refuges from intraguild predation between similar-sized individuals of two species of the genus Helice. We can conclude that intraguild predation by H. japonica excluded the immature individuals of H. tridens in the lower habitat and restricted the young adults of H. tridens to the upper habitats in the estuary.
INTRODUCTION
Distributions of animals are determined by various factors, such as biological and/or physico-chemical factors. On rocky coasts, the vertical distribution of barnacles is set by two factors (Connell, 1961 (Connell, , 1983 : the upper limit by physico-chemical factors such as desiccation stress, and the lower limit by biological factors, such as competitive interactions between closely related species and predation pressure by drilling snails. This type of clear distribution is not always found on soft bottoms, such as mud and sand flats. In these situations direct and indirect biological factors interact in a complex manner with physico-chemical factors to affect the temporal and spatial structure of benthic communities (Petersen, 1975; Woodin, 1976; Tamaki and Kikuchi, 1983; Reise, 1985; Tamaki, 1986; Morrisey et al., 1992) . The habitat changes induced by biological factors such as bioturbation obviously occur within the structure of the substrates of mud and sand in the lower part of the estuary. However, a mud flat in the upper part of the estuary is relatively dry and, therefore, stable substrate where bioturbation does not easily occur, although, in some cases, burrow formation and repair by grapsid crabs make the substratum unstable (Takeda and Kurihara, 1987) . In addition, there may be a sudden erosion of sediment from the surface by a flood as one of a physico-chemical factor (Morrisey et al., 1992) , but it infrequently occurs in the upper part of the estuary. The habitat stability of a mud flat in the upper part of the estuary is similar to that of rocky shores. Thus, there exists the possibility that the distribution of two or more competitive species dwelling in the soft bottom might be determined by the same clear-cut direct interaction as examples in rocky shores.
The closely related mud crabs, Helice tridens De Haan and H. japonica Sakai and Yatsuzuka occur sympatrically at high densities in estuaries and salt marshes throughout western Japan (Sakai, 1976; Sakai and Yatsuzuka, 1979) . There is overlap in habitats between the large adults of H. tridens, which prefer the intertidal area between MTL, (¼190 cm), and MHWS with a mud content of about more than 30%, and H. japonica, which inhabits the lower part of the intertidal area between MTL and MHWS of the Shigenobu River Estuary (338489180N. 1328419100E) in southwestern Japan (Fig. 1 , Shiraishi, 1988; Omori et al., 1997; Omori et al., 1998) . Young adults of H. tridens occur, however, only in the upper part of the intertidal area, though the juveniles of H. tridens settle the entire area of the intertidal area (Table 1, Omori et al., 1998) . The limitation of H. japonica to the lower part can be explained by its lower ability to tolerate desiccation and low salinity than H. tridens (Omori et al., 1998) . However, the difference in the pattern of distribution between the large adults and the young ones of H. tridens cannot be explained by physico-chemical factors because of the high ability of this species to tolerate both desiccation and salinity stresses (Omori et al., 1998 ). There may be two possible answers for this difference: (1) the migration of juveniles to the higher place or elsewhere, and (2) the death of juveniles caused by some other biological factors in the lower flat. The intertidal area inhabited by the two species is composed of several separated mounds vegetated by reed plants. The creeks between these mounds become waterways with swift water movement at spring tides, and they have sand and/or pebble bottoms. The adults of H. tridens with .20 mm CW can move from one mound to other mounds, crossing these creeks (Goda et al., in press ). However, small juveniles cannot migrate from the originally settled mound to the next mound. Therefore, the distributional difference in H. tridens may be derived from interspecific competition or predation between H. tridens and H. japonica. These two species have the identical food habit of omnivore, that is, detritivore and carnivore (Fujii and Omori, unpublished data) . Moreover, reciprocal Fig. 1 . The study area and the location of sampling sites in the Shigenobu River Estuary, Matsuyama. Filled circles with a number represent the sampling sites of Omori et al. (1998) . Sts. 5 and 6 are located just below the mean high water spring (MHWS), and others are just above the mean tidal level (MTL). The shaded area and the hatched area, which are mud flats covered by seawater at the high water of the spring, show the zone in which H. tridens and H. japonica coexist and the zone in which H. tridens is dominant, respectively, according to the results of Omori et al. (1997) . predation between them has been frequently observed in the field, and also the cannibalism of H. tridens was reported (Kurihara et al., 1988) . A top predator preys on an intermediate predator, and both feed on the same resource. This type of omnivore is recently called as intraguild predation (IGP), (Polis et al., 1989) . It has been emphasized as one of important biological factors structuring biological communities (Polis and Holt, 1992; Holts and Polis, 1997; Mylius et al., 2001) . The case of H. tridens and H. japonica may be the omnivory type of IGP. It may be an important factor in forming the present distribution of these two species of the genus Helice in the estuary. However, strictly speaking, both species of Helice prey on each other, and it is not obvious whether one of them is superior to the other or not. Additionally, the causation of coexistence of two species in a field is usually complicate and we have to consider simultaneously on biological and physico-chemical factors.
In the present study, therefore, field caging experiments were performed in order to determine the superiority of one species to the other. In the experiments, we examined the size dependency of intraguild reciprocal predation, because body size may be the most important factor of the superiority in reciprocal predation (Kulh, 1972) . The competitive ability of the two species was evaluated in an attempt to gain greater understanding of the patterns of distribution including the tolerance ability of physico-chemical factors of each species (Omori et al., 1998) .
MATERIALS AND METHODS
Specimens of Helice tridens and H. japonica for experiments were collected in the autumns of 1990 and 1991 at Station 1 and 6 in the Shigenobu River Estuary (Fig. 1) . The carapace width (CW) of the collected specimens was measured by calipers with an accuracy of 0.05 mm. The specimens were separated into five size groups (ca. 5,^6.0-%7.0,^8.0-%10.0, ca. 20, and ca. 30 mm CW) in the case of H. tridens. Three groups (^6.0-%7.0,^8.0-%10.0, and ca. 20 mm) in 1990, and four groups (ca. 5, 6.0-%7.0,^8.0-%10.0, and ca. 20 mm) in 1991 were established in the case of H. japonica. Two kinds of cages with mesh openings of different sizes were used, depending on the size of specimens. Larger cages with 8-mm mesh (50 cm in length 3 30 cm in width 3 12.5 cm in height) were used for experimental series without crabs of %10.0 mm CW, and the smaller cages with 2-mm mesh (45 cm 3 32 cm 3 14 cm) were used for experimental series with crabs of %10.0 mm CW. All experimental cages were located near Station 6 (Fig. 1 ). The mud substrate was collected near the station for these experiments. Mud, from which all crabs had been removed, was placed to a depth of about 8 cm in each cage. All cages were half buried in the substrate to a depth of about 8 cm. Experimental series were constructed with various combinations of size classes of the two species (Table 2) . First, monospecific experimental series were set up as the control experiments. In 1990, the initial number of crabs set in each experimental cage was 30, which was equivalent to the maximum density of the two species in the Shigenobu River Estuary (Shiraishi, 1988) . In 1991, experimental series were set up with the combinations that had not been examined in 1990. The initial number of individuals per cage was lower than that in 1990 in some combinations because we wanted to examine the effect of density on the results of competition experiments. The sex ratio (male/female) was set at about one to one, especially in experimental series with crabs of .10.0 mm CW. The duration of each experiment was two weeks, and the number of survivors of each species was counted at the end of each experiment. In addition, the experiments with thin layers of sediment, i.e., from 2, 5 to 8 cm in depth in the cages were done to determine the effect of sediment thickness. In each cage of 16 replicates with different sediment thickness, one large H. tridens (;20 mm CW) and about 10 small H. japonica individuals (ca. 5-%10.0 mm CW) were set and reared for two weeks.
Additionally, a field survey for population size structure of the species of the genus Helice was done on 4 November 2005, in the mud flat of the Awai River Estuary near the Shigenobu River Estuary. The river mouth of the Awai River is sometimes closed by sand bar, which is constructed by water movement along a shore. Thus, a lagoon will develop and this low salinity condition is not suitable for H. japonica. Therefore, the survey was done for evaluating the effect of H. japonica on the distribution pattern of immature H. tridens by depressing the density of H. japonica. Three sampling stations of Sts. A1, A2 and A3 were set along the Awai River, from the upstream end of the estuary to the river mouth. The habitat of the species of the genus Helice extended around the tidal height of 234 cm (MTL ¼ 190 cm) similar to Sts. 4, 5 and 6 in the Shigenobu River Estuary. The density and the size of crab holes were counted and measured by a ruler in an accuracy of 1 mm, respectively, with four replicate quadrates of 40 cm 3 40 cm. Also, one water sample of the lagoon was taken for analyzing salinity by a salinometer (WinMds5 Model, Alec Electric Co. Ltd.).
G-test was used for evaluating the statistical significance of results of field experiments, according to the recommendation of Sokal and Rohlf (1981) in regard to frequency analysis. The results of the experiments were expressed as survival ratio of each species. The difference of the survival rates between two species was statistically evaluated by G-test. Additionally, the effect of mud thickness in experimental cages on predation efficiency was examined by Kendall's rank test, because there is a doubt of non-normality in the variance of survival rates against the thickness of mud sediment. Also, the difference of size frequency distribution of crab holes between stations in the Awai River Estuary was evaluated by G-test. Four size classes in mm of ,10,^10-,20,^20-,30, and^30 were established for crab holes.
RESULTS
The results of control experiments are shown in Table 2 . No statistically significant difference was found between the initial number of crabs and the number of survivors after two weeks in any control experiments (G-test). Moreover, the survival rates of the control experiments did not give any statistically significant differences between the two species (G-test). The results of other experiments are shown in Table 3 , from which it is obvious that the predation ability of the same-sized individuals of^8.0 mm was equivalent between the two species, and the winner of reciprocal predation was determined by the difference in size between competitors. However, H. japonica usually out-competed H. tridens of the size class of %7.0 mm CW. In the experiments with H. tridens of ca. 30 mm CW versus H. japonica of ca. 20 mm, or H. japonica of ca. 20 mm CW versus H. tridens of ca. 10 mm CW, the density of the larger competitors, changed from 10 individuals to 20 per cage, had no effect on the results. The predation ability of an individual specimen of H. tridens of ca. 20 mm CW was effective in controlling the number of small specimens of H. japonica of %10.0 mm CW. However, the ability of H. tridens of ca. 30 mm CW was slightly less effective, as suggested by the presence of relatively large numbers of surviving specimens of H. japonica in some cases. Moreover, the predation by a specimen of H. tridens of ca. 30 mm CW on H. japonica of ca. 20 mm CW was obviously less effective because in two out of four experiments there was no statistically significant change in the number of survivors. The thickness of sediment set in the experimental cages had a significant effect on the results of predation between the two species (Kendall's rank test: n ¼ 16, z ¼ 2.5, P ¼ 0.0124). The thicker sediment layer could give higher survival rate to the inferiors of the reciprocal predation.
There was no individual of H. japonica in the Awai River Estuary, maybe, because of low salinity of 1.48 psu. Therefore, we can evaluate the effect of the absence of H. japonica on the distribution of young adult H. tridens. Among stations, no difference was found in the size structure of crab holes of H. tridens (G-test: St. A1 vs. St. A2, G ¼ 1.10, n.s.; St. A1 vs. St. A3, G ¼ 0.350, n.s.; St. A2 vs. St. A3, G ¼ 1.28, n.s.), and it means that immature or young adult H. tridens did not have a tendency to migrate mostly to upstream habitats.
DISCUSSION
Can we explain the determination process of the distributional pattern of H. tridens through the present results with respect to intraguild reciprocal predation between two crab species? From Table 1 , it is obvious that juveniles of H. tridens settled over the intertidal area between MTL and MHWS of the Shigenobu River Estuary, and also largesized individuals could be found in the whole intertidal area regardless of the disappearance of the medium-sized individuals of this species in the lower part of it (Omori et al., 1997) . Where have the young adults of this species gone from the lower mud flat? There may be two possible answers for this question: (1) the migration of juveniles to the higher place or elsewhere, and (2) the death of juveniles caused by some other factors in the lower flat. The latter possibility, at least, can be examined by the present study. Biological factors may be responsible for the death of juveniles of H. tridens in the lower part, because even juveniles of H. japonica could survive and grow up in the lower part regardless of that species lower tolerance for desiccation and low salinity relative to H. tridens (Omori et al., 1998) . Moreover, the exclusion by reciprocal predation or competition between two species may be the most plausible biological factor in this case. It is not probable that there are predators, such as fishes and wading birds, specialized in hunting only juveniles of H. tridens. Helice tridens and H. japonica are closely related species, and it is difficult to distinguish one species from another at a glance, particularly at juvenile stages. The predator or competitor of juveniles of H. tridens is undoubtedly H. japonica in the lower part of the intertidal area of the Shigenobu River Estuary, and we have observed many examples of predatory behavior between the two species during direct field observations (Kikutani, unpublished data). However, in the field, the thick sediment layer needed for making burrows as a refuge from predation can decrease predation between two species and also reduce cannibalism (Kurihara and Okamoto, 1987; Kurihara et al., 1988) . Also, open spaces in the field can give juveniles of H. tridens a chance for running away from predation. Immature individuals of H. japonica with %10.0 mm CW will be stronger predators than those of H. tridens even in the field, because the size of burrows may be identical for the same sized individuals (Kurihara et al., 1988) . Burrows of immature individuals of H. tridens cannot be refuges for the same sized individuals of H. japonica. Moreover, the similar sized individuals did not show intraspecific predation for each other (Table 2 ). In addition to the present study which suggested the superiority of H. japonica over H. tridens of immature stages, it might be noted that the juvenile settlement of H. japonica starts earlier than that of H. tridens (Shiraishi, 1988; Omori et al., 1997) . The size of the megalopa of H. japonica, which is related to the mean size of justsettled juveniles, is larger than that of H. tridens (Baba and Moriyama, 1970) . These facts suggest the exclusion of immature individuals of H. tridens by intraguild predation in the lower part of the intertidal area by those of H. japonica. Although large adults of H. tridens could be found in the lower part and showed superiority in competition with or predation on H. japonica, their density in the lower flat was relatively low, and the existence of burrows as refuges for H. japonica protected them from interactions between two species. Hence, large H. tridens could not have an important effect on the density of H. japonica. Conversely, it is certain that only large adults that migrate from the upper part of the intertidal area can escape from the predation pressure by H. japonica and can survive in the lower part, which is the main habitat of H. japonica. The migration of juveniles of H. tridens from the lower habitat to other higher sites can be excluded at the present time as an other possible explanation for the lack of mediumsized adults of this species in the lower part of the intertidal area. One reason for excluding the possibility is that the migration from one mound to others is difficult for immature individuals because of the obstacles between mounds. Another reason is that immature H. tridens can grow even in the lower habitat in the absent of H. japonica, such as the mud flat of the Awai River Estuary. It shows that H. japonica affects the survival of immature H. tridens. Conversely, the pure population of H. japonica in a marine tidal flat of Omishima Island near the Shigenobu River Estuary occurred at the same tidal height as in the estuary (Omori, Moriyama and Goda, unpublished data) . There was no dry refuge with freshwater inflow such as the upper sites of the Shigenobu River Estuary, therefore, H. tridens did not occur at Omishima Island. Otherwise, Helice japonica may exclude H. tridens from the marine tidal flat where it survives.
There have been several studies on the effects of infaunal predation on the structure of benthic communities (Commito, 1982; Kent and Day, 1983; Ambrose, 1984; Dick, 1992; Dick et al., 1993; Navarrete et al., 2000) . However, we have found only a few reports of size-dependent intraguild reciprocal predation among benthic competitors. Kulh (1972) gave only a brief description of a reciprocal predacious relationship between shrimps and gobies, in which the determination of the winner depended on size. The early-settling species determined by hydrographic conditions was the winner of competition and maintained its stock due to its size advantage. However, it is uncertain whether this reciprocal predation at early stages serves to control the size of stocks of these species because of the absence of any information on generation structure. If the animals have a perennial life cycle, a large older adult of one species may be able to eat juveniles of another species, and vice versa. There may be some refuges for reciprocal predation by adult stage, such as burrows and shelters.
Reciprocal predation is common in plankton communities, because asynchronous seasonal development of multivoltine predatory copepods leads to the simultaneous existence of large adults and small juveniles (Sprules, 1972 (Sprules, , 1988 Williams, 1980) . The experimental results of Sprules (1972) and Williams (1980) indicated reciprocal predation between species of Chaoborus and Diaptomus shoshone and showed that each species can reduce to a significant degree the survivorship of the other at certain stages of their life cycles. These facts can explain the disjunct distributions of these two aquatic predators over space and time, except when the population densities are extremely low. Therefore, it is suggested that two species populations with reciprocal predatory interactions are unstable, though recent theoretical works have predicted the possibility of stabilization of ecosystems by IGP (Polis et al., 1989; Polis and Holt, 1992; Holts and Polis, 1997; Mylius et al., 2001) .
From the 'Lotka-Volterra' model of interspecific competition and the above-mentioned results, it is difficult to envision that populations of two species might coexist only by a size-dependent reciprocal predation process without any other population-related processes, such as different patterns of distribution. Moreover, theoretical studies of the effect of a same-chain omnivore, which both feeds on and exploitatively competes with intermediate trophic levels, showed the elimination of these trophic levels (May et al., 1979; Pimm, 1982; Pimm and Rice, 1987) , albeit there are several exceptions under some conditions (Sprules, 1988; Vadas, 1990) . Recently, intraguild predation (IGP) has been shown to be one of important biological factors constraining the structure of biological communities. Theoretically it appears that the intraguild prey with higher ability to exploit the common resource can coexist with the intraguild predator (Polis and Holt, 1992) . However, with respect to the species of the genus Helice in the present study, the wider range of distribution of H. tridens, with its high ability for physico-chemical tolerance and the size refuge from predation by H. japonica, allow this species to coexist with H. japonica. Both species of the genus Helice may have the same ability to exploit nutrients in surface sediments, because their growth rates may be identical (Shiraishi, 1988; Omori et al., 1997) . Thus, the prey of immature H. tridens was excluded from the habitat of the predator of H. japonica (cf. Navarrete et al., 2000) . Connell (1961) reported the competition between the intertidal barnacles Chthamalus stellatus and Balanus balanoides, which coexist on the same rocky shore. On a small scale they show microhabitat segregation, the former species occupies the upper zones and the latter occupies the lower ones. Balanus out-competes and excludes Chthamalus from the lower zones, but Chthamalus can survive in the upper zones where Balanus cannot because of the latter's lower ability to tolerate desiccation. The process of establishment of the distributional patterns may be the same as in the species of Helice, apart from the absolute superiority of Balanus over Chthamalus in terms of competitive ability. The reciprocal predation between the species of Helice is slightly asymmetric at the young stages, and then it becomes completely size-dependent reciprocal predation at adult stages. The difference leads to the presence of only large individuals of the inferior species in the lower zone as a result of a size refuge from asymmetric interaction.
In conclusion, the distribution of the species of Helice dwelling in the upper part of the intertidal zone of the estuary in part determined by the same process of direct biological interaction as in species on rocky shores.
